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Abstract 

Water pollution has emerged as a significant worldwide issue, with organic pollutants being a key contributor. 

Titanium dioxide (TiO2) has demonstrated promising photocatalytic performance in removing organic pollutants under 

ultraviolet (UV) irradiation. However, the wide band gap (3.2 eV) of TiO2 results in low absorption capacity of visible 

light, hindering its overall efficiency in degrading organic pollutants. To address the limitation, this research aimed to 

synthesize visible light-driven TiO2 photocatalyst with different polymorphs (anatase and rutile) and investigate the 

effect of various doping combination (Nb, B and Nb,B) and concentrations (0.25, 0.50, 0.75 and 1.00 mol%) on the 

photodegradation efficiency towards methylene blue (MB) dye solution. Anatase phase was obtained when TiO2-based 

nanopowders were calcined at 400 °C, while the rutile phase was formed at 900 °C based on XRD analyses. Additionally, 

the morphology analyses revealed that the particle size of anatase is much smaller than that of rutile. The presence of 

dopants further reduced the particle size of both anatase and rutile phases. Based on UV-Vis absorbance spectra 

analyses, the anatase Nb,B-TiO2 with 0.50 mol% of dopant concentration exhibited the best photocatalytic performance 

towards MB. Moreover, the anatse phase of 0.50 mol% Nb,B-TiO2 showed the narrowest band gap of 2.74 eV compared 

to the TiO2 (3.4 eV), representing a reduction of 19.41 %, according to UV-Vis analyses. These outcomes suggest the 

potential application of anatase phase of 0.50 mol% Nb,B-TiO2 in treating organic pollutants in wastewater under 

visible light conditions in future. 
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1. Introduction 

Growing populations and economies are 

significantly increasing the demand for 

urbanization and industrialization. Particularly, 

industrialization has led to severe global 

challenges, including water pollution, energy 

crises and public health issues [1,2]. One major 

contributor to water pollution is the release of 
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synthetic dyes. These organic pollutants are 

particularly difficult to remove from water, 

worsening issues with water pollution and the 

unavailability of clean drinking water [3-7]. 

Despite these issues, synthetic dyes are 

extensively used in various industries such as 

textiles, food, printing, and paper to meet human 

necessaries [8-10].  

Among synthetic dyes, methylene blue (MB) 

has drawn significant attention as a model 

organic pollutant for photodegradation studies. 

MB is a cationic dye with highly water-soluble 
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properties, forming a stable solution with water at 

room temperature [2,8]. As a result, MB is 

commonly used as colorant for plastic, cotton, 

wool, leather, and silk [11-13]. Additionally, MB 

solution is reportedly toxic, carcinogenic, and non-

biodegradable, endangering human health and 

negatively impacting the environment [11,12]. 

Therefore, this research selects MB as the model 

organic pollutant for photodegradation studies.  

Various treatment techniques have been 

reported and established for wastewater 

remediation, including sedimentation [14,15], 

filtration [16,17], biofilms [18,19] and activated 

sludge [20,21]. However, these existing 

techniques encounter challenges in completely 

removing non-biodegradable pollutants due to 

constraints such as high chemical and energy 

consumption, prolonged reaction time, high 

operating costs, sludge generation and toxic gas 

release [22,23]. Therefore, semiconductor-based 

photocatalysts have drawn significant attention 

for wastewater remediation due to their capability 

to efficiently remove pollutants, transforming 

them into harmless by-products under light 

irradiation [24-27].  

Titanium dioxide (TiO2) is a promising 

material for semiconductor-based photocatalysts 

due to its excellent optical properties, 

affordability, high photocatalytic activity, 

chemical stability, and non-toxicity [25-27]. TiO2 

has several polymorphs, including brookite, 

anatase, and rutile, with rutile being the most 

stable in the crystal phase [25,28,29]. This 

stability is attributed to the higher surface energy 

of rutile compared to anatase, which causes the 

particles to agglomerate, resulting in larger sizes 

and smaller specific surface areas [30-32]. 

However, the application of anatase or rutile 

phases in photocatalysis remains debated [33, 34]. 

Both bare TiO2 phases are generally restricted in 

the photocatalytic performance, as they are 

primarily activated under UV light due to their 

wide band gap (3.2 eV) [35-37]. This requires a 

substantial energy supply to continuously 

generate the needed light for such treatment 

purposes. Additionally, solar irradiation contains 

less than 5% of UV light, which is insufficient to 

activate bare TiO2 for effective photodegradation. 

Furthermore, bare TiO2 shows a high tendency for 

recombination of photo-generated electron-hole 

pairs, reducing the overall efficiency of the 

photocatalyst [35-37]. To address these 

limitations, various studies have focused on 

enhancing the photocatalytic performance of TiO2 

through metal or non-metal doping [25-27]. 

Doping improves the mobility of photo-generated 

carriers by effectively separating electrons and 

holes with a moderate amount of dopants. This 

reduces particle agglomeration, increases the 

surface area of the photocatalyst, and enhances its 

overall efficiency. 

In this research, niobium (Nb) and boron (B) 

were selected as dopants to modify TiO2 through 

the sol-gel technique. Niobium is an n-type dopant 

that provides excess electrons to the TiO2 lattice, 

generating negative charge carriers. Both Nb5+ 

(~0.64 Å) and Ti4+ (~0.61 Å) have similar ionic 

radii, allowing Nb5+ to easily substitute Ti4+ in the 

TiO2 lattice [38-40]. Gomes et al. [40] reported 

that the addition of Nb not only reduces the 

average particle size of TiO2 but also increased the 

overall photodegradation efficiency of MB solution 

up to 44%, compared to 26% for bare TiO2, due to 

the excess electrons provided by Nb5+. 

Furthermore, Kou et al. [39] successfully reduced 

the wide band gap of TiO2 from 3.1 eV to 2.9 eV 

through Nb doping, making it more efficient 

within the visible light range.  

On the other hand, boron is a p-type dopant 

that introduces holes into the TiO2 lattice, 

creating positive charge carriers. Boron can 

substitute for oxygen or occupy interstitial sites, 

effectively inhibiting crystal growth and 

increasing the total surface area of the 

photocatalyst. The increased surface area allows 

more adsorption of pollutant molecules on the 

catalyst surface, enhancing the degradation 

efficiency [41-43]. Mulpuri et al. [41] reported that 

the crystallite size of TiO2 was reduced by almost 

half upon boron doping, and the band gap of B-

TiO2 was reduced to 2.95 eV compared to 3.12 eV 

for bare TiO2. Furthermore, under UV light 

radiation, the degradation of MB dye by bare TiO2 

was only 28%, whereas B-TiO2 achieved more 

than 95% degradation of MB dye, significantly 

enhancing photocatalytic performance [43]. 

Nevertheless, a research gap existed where the 

combined effect of niobium and boron with TiO2 at 

different polymorphs has not been explored. 

Therefore, this research investigates the impact of 

doping and co-doping TiO2 with Nb and B at 

different polymorphs (anatase and rutile) and 

dopant concentrations (0.25, 0.50, 0.75 and 1.00 

mol%) on the photodegradation efficiency of MB 

dye. 

 

2. Materials and Methods 

2.1 Materials 

Titanium(IV) isopropoxide (TTIP, CAS #546-

68-9, ≥97.0%, Sigma-Aldrich 87560) and ethanol 

(CAS #64-17-5, 95 v/v% (repack), Chemiz 19546) 

were used as precursors for synthesizing TiO2, 

while hydrochloric acid (HCl, 2M, CAS #7647-01-

0, Merck 480934) was used as the initiator for 

hydrolysis. Niobium powder (Nb, CAS #7440-03-

1, Strem 93-4132) and boric acid (H3BO3, CAS 

#10043-35-3, Ajax Finechem 107) were used as 

dopants. Methylene blue (CAS #61-73-4, BDH 

Chemical 26132) was used as the dye model to 

evaluate the photocatalytic performance of the 

TiO2-based photocatalyst. 
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2.2 Synthesis of TiO2-Based Nanopowders 

Pristine, Nb-doped, B-doped, Nb,B-co-doped 

TiO2 nanopowders were synthesized using the sol-

gel technique, as shown in Figure 1. To synthesize 

pristine TiO2, 5.68 mL of TTIP was added 

dropwise into 40 mL of ethanol under continuous 

stirring for 30 min to form mixture A. 

Subsequently, 2 mL of HCl was added dropwise to 

mixture A under continuous stirring until a gel 

was obtained. This gel was then dried in an oven 

at 80 °C for 6 h. The resulting powder was ground 

in a mortar and calcinated at 400 °C and 900 °C, 

respectively, at a rate of 3 °C min−1 for 2 h. 

For Nb-TiO2, an appropriate amount of 

niobium powder was dissolved in a mixture of 2 

mL of HCl with 10 mL of D.I water to achieve a 

concentration of 0.5 mol%. This solution was then 

added to the TTIP and ethanol mixture, and the 

procedure described above was repeated, as 

shown in Figure 1. For B-TiO2, boric acid was 

dissolved in D.I water without the addition of HCl, 

and the procedure was repeated. For Nb,B-TiO2 

nanopowders, the Nb precursor solution was 

added dropwise into the pre-synthesized B-TiO2 

precursor solution under continuous stirring at 80 

°C until the entire mixture became gel-like. The 

heat treatment procedure described above was 

then repeated. 

After selecting the best combination of 

dopants with TiO2, the experiment proceeds to the 

next stage with varying concentrations of dopants 

(0.25, 0.50, 0.75, 1.00 mol%). The procedures 

described above were repeated for each 

concentration. 

 

2.3. Characterizations 

The crystalline phase and corresponding 

crystallite size of all nanopowders were identified 

using X-ray diffraction (XRD) (Bruker Advanced 

X-ray D8 Diffractometer) with the Cu K 

radiation (λ=1.5406 Å) at room temperature. The 

morphology and elemental mapping of the 

synthesized nanopowders were determined using 

Ultra-High-Resolution SEM (Hitachi-Regulus 

8220). The optical band gap of the synthesized 

samples was measured using UV-Vis absorption 

spectra (Varian Cary 50 UV-Vis 

spectrophotometer) over a wavelength range of 

300 – 700 nm and calculated using a Tauc plot. 

 

2.4. Evaluation of Photocatalytic Performances 

The photocatalytic performance of all 

synthesized nanopowders were evaluated by 

measuring the degradation rates of methylene 

Figure 1. Schematic of the experimental procedure for preparing and characterizing pure, Nb-doped, B-

doped and Nb,B-co-doped TiO2 nanopowders. 
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blue (MB) solution (2 ppm) under visible light 

irradiation. 0.02 g of catalyst powder was added to 

100 mL of MB dye solution in a glass beaker. The 

mixture was magnetically stirred in the dark for 

30 min to achieve absorption equilibrium [5,44]. 

Irradiation was then performed using a 

fluorescent lamp (Philips TLD 18W/865) emitting 

light in the 400 – 700 nm range, with a peak 

emission at 550 nm. Samples were analyzed at 

regular intervals of 30 min for 2 h. The absorption 

spectra were recorded using a UV-Vis 

spectrophotometer (Varian Cary 50). The 

concentration of MB in the solution was 

determined as a function of irradiation time by 

monitoring the absorbance change at 664.5 nm, 

corresponding to the maximum absorption 

wavelength (λmax) of MB. The removal efficiency of 

MB dye solution was calculated using Equation 

(1). 

 

0

0

100%t
C C

R
C

−
=   (1) 

 

where, C0 is the initial concentration of the MB 

dye solution and Ct is the concentration of the MB 

dye solution at the respective time intervals. 

  

3. Results and Discussion 

3.1. X-ray Diffraction (XRD) Analyses 

The crystal structure of the synthesized 

samples was characterized using XRD. Figure 2 

presents the XRD patterns of all synthesized 

TiO2-based nanopowders calcined at 400 °C. The 

diffraction peaks at 25.37°, 37.9°, 48.16°, 54.0°, 

55.20°, 62.87°, 68.98°, 70.48°, 75.28° and 82.93° 

correspond to the lattice planes (011), (004), (020), 

(015), (121), (024), (116), (220), (125) and (224), 

respectively, matching the anatase phase of TiO2 

(ICSD 98-002-4276). Thus, all samples were 

crystalline and primarily consisted of the 

tetragonal anatase phase of TiO2. Additionally, in 

Nb-TiO2 and Nb,B-TiO2 nanopowders, there is an 

additional peak at 20°, corresponding to Nb2O5 

(ICDD 00-030-0870). The result suggests that 

doping niobium into the TiO2 lattice substituted 

titanium atoms and bonded with oxygen atoms to 

form Nb2O5 within the lattice. Notably, no 

additional peaks were observed in B-TiO2 

compared to bare TiO2, probably due to the 

amount of boron was too low or had low 

crystallinity, thus falling below the detection limit 

of XRD analysis [42,45,46]. However, an 

additional peak was observed at 31.19° in Nb,B-

TiO2 nanopowders, matching Nb3BO9 (ICDD 00-

019-0867). This finding suggests that the addition 

of boron formed bonds with niobium and oxygen 

atoms, causing interstitial defects within the TiO2 

lattice. 

On the other hand, Figure 3 shows the XRD 

patterns of TiO2-based nanopowders calcined at 

900 °C. The diffraction peaks at 27.45°, 36.09°, 

39.21°, 41.26°, 44.07°, 54.35°, 56.66°, 62.78°, 

64.09°, 65.55°, 69.05°, 69.83°, 72.46° and 76.57° 

correspond to the lattice planes of (110), (011), 

(020), (111), (120), (121), (220), (002), (130), (221), 

(031), (112), (131), (022), and (122), respectively, 

which align with the rutile phase of TiO2 (ICSD 

98-008-2086). Thus, all samples were crystalline 

and primarily consisted of the tetragonal rutile 

phase of TiO2. Notably, no additional peaks were 

observed in the rutile TiO2-based nanopowders. 

This finding suggests that the denser tetragonal 

structure of rutile, with its different arrangement 

of Ti and O atoms compared to anatase, along with 

the low amount of dopants, made it more difficult 

for niobium and boron to be detected in the rutile 

phase [42,45,46]. 

However, a minor shift was detected in the 

(110) lattice plane of rutile TiO2 toward smaller 

angles in Nb-TiO2, B-TiO2 and Nb,B-TiO2. Figure 

4 (a) and (b) present the comparison of enlarged 

views of selected angles to highlight the minor 

shifts in anatase and rutile TiO2-based 

nanopowders. The shift in the XRD peaks’ position 

to either higher or lower 2θ suggests the presence 

Figure 2. XRD patterns of synthesized TiO2-based 

nanopowders calcined at 400 °C. 

Figure 3. XRD patterns of synthesized TiO2-based 

nanopowders calcined at 900 °C. 
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Calcination Temperature (°C) Sample 
Lattice parameter (Å) Crystallite size 

(nm) a c 

400 

Anatase TiO2 3.7843 9.4729 11.0128 

Anatase Nb-TiO2 3.3800 9.5647 8.8867 

Anatase B-TiO2 3.7856 9.4831 8.8803 

Anatase Nb,B-TiO2 3.7971 9.5084 9.1915 

 

900 

 

 

 

Rutile TiO2 4.5902 2.9589 92.3573 

Rutile Nb-TiO2 4.5899 2.9590 74.2696 

Rutile B-TiO2 4.5969 2.0937 76.006 

Rutile Nb,B-TiO2 4.5860 2.9579 89.5192 

of lattice distortions or defects due to the strain on 

the crystal structure [2,35]. This is further 

supported by comparing the lattice parameters of 

both anatase and rutile TiO2-based nanopowders 

using the formula for the tetragonal system, as 

shown in Equation (2). 

 
2 2 2

2 2 2

1 h k l

d a c

+
= −  (2) 

 

where, d is the spacing between diffraction planes, 

θ is the angle of diffraction in radians, λ is the 

wavelength of X-ray radiation (1.5406 Å), h, k, and 

l are Miller indices of the lattice plane, and a and 

c are the lattice parameters for the tetragonal 

system (a = b ≠ c). The lattice parameters of the 

synthesized nanopowders are summarized in 

Table 1. The change in lattice parameters further 

supports that niobium and boron were 

successfully incorporated into the TiO2 lattice 

structure, causing the lattice distortion and 

defects. The role of lattice distortion and defects is 

related to the observed trend in the 

photodegradation of methylene blue that will be 

elaborated in the subsequent paragraphs.  

Additionally, the crystallite size (τ) of the 

synthesized samples was calculated by using 

Debye-Scherrer’s equation [2,35], as shown in 

Equation (3). 

 

cos

k


 
=  (3) 

 

where τ is the crystallite size, k is the Scherrer 

constant (0.9), λ is the wavelength of X-ray 

radiation (0.154 nm), and β is the full width at 

half-maximum intensity. The τ value was 

determined from the most intense reflection at the 

(110) peaks of the samples from Figure 4 and 

summarized in Table 1. From the observations, 

the crystallite size reduced upon doping process. 

This was attributed to the presence of lattice 

distortion and defects caused by the dopants and 

affecting the grain growth and led to the reduction 

in crystallite size. 

 

3.2. Scanning Electron Microscopy (SEM) 

Analyses 

Figures 5–12 present the morphological 

images with elemental mapping of all the 

Figure 4. Enlarged views of selected angles to highlight the minor shifts are shown in (a) anatase and (b) 

rutile TiO2-based nanopowders, respectively. 

Table 1. Summary of physicochemical properties of synthesized TiO2-based nanopowders. 
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synthesized TiO2-based nanopowders, 

characterized by FESEM. The morphology of the 

anatase TiO2-based nanopowders calcinated at 

400 °C revealed a quite homogeneous and smaller 

shape. On the other hand, the morphology of the 

rutile-based nanopowders calcinated at 900 °C 

revealed a more irregular and bigger shape 

compared to anatase. This shows that calcination 

temperature significantly affected the morphology 

of the TiO2-based nanopowders. These results are 

consistent with the crystallite size calculations 

from the XRD analyses. The anatase phase 

typically has a smaller grain size than the rutile 

phase, as rutile has higher surface energy causing 

the particles to agglomerate, resulting in larger 

sizes and smaller specific surface areas [30-32]. 

Additionally, the average grain size for both 

anatase and rutile decrease based on the FESEM 

images with the presence of dopants, which cause 

lattice distortion and defects. This led to grain-

boundary pinning, restricting grain growth, and 

resulting in smaller grain sizes [47]. The results 

Figure 5. FESEM images of anatase TiO2 under 

80 kX magnification with respective elemental 

mapping. 

Figure 7. FESEM images of anatase Nb-TiO2 under 

80 kX magnification with respective elemental 

mapping. 

Figure 6. FESEM images of rutile TiO2 under 80 

kX magnification with respective elemental 

mapping. 

Figure 8. FESEM images of rutile Nb-TiO2 under 

80 kX magnification with respective elemental 

mapping. 
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align with the findings from the XRD analyses, 

supporting the presence of dopants and the 

resulting distortion within the TiO2 lattice. The 

reduction in average grain size is related to the 

observed trend in the photodegradation of 

methylene blue, which will be elaborated in 

subsequent paragraphs. Furthermore, the 

elemental mapping shows the presence of niobium 

and boron within the TiO2, further supporting the 

XRD data, which could not show the presence of 

dopants due to its detection limit. 

3.3. Photocatalytic Performance of Methylene 

Blue Using Synthesized TiO2-based 

Photocatalyst 

Figure 13 and Figure 14 show the UV-Vis 

absorbance spectra of MB dye solution degraded 

by all synthesized TiO2-based nanopowders and 

compare the removal efficiencies of MB by these 

nanopowders, respectively. The extent of MB 

degradation and the photocatalytic performance 

of the samples over irradiation time were 

determined by the decrease in the absorbance 

Figure 9. FESEM images of anatase B-TiO2 under 

80 kX magnification with respective elemental 

mapping 

Figure 10. FESEM images of rutile B-TiO2 under 

80 kX magnification with respective elemental 

mapping 

Figure 11. FESEM images of anatase Nb,B-

TiO2 under 80 kX magnification with respective 

elemental mapping 

Figure 12. FESEM images of rutile Nb,B-TiO2 

under 80 kX magnification with respective 

elemental mapping. 
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Figure 13. UV-Vis absorbance spectra of MB dye solution degraded by (a) anatase TiO2, (b) rutile TiO2, 

(c) anatase Nb-TiO2, (d) rutile Nb-TiO2, (e) anatase B-TiO2, (f) rutile B-TiO2, (g) anatase Nb,B-TiO2 and 

(h) rutile Nb,B-TiO2. 
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value at 664.5 nm, which corresponds to the 

typical peak in the absorption spectra of MB.  

As shown in Figure 13 and Figure 14, anatase 

typically exhibits higher removal efficiency than 

rutile for MB dye solution after 120 minutes of 

visible light irradiation. This finding aligns with 

the XRD and morphology results, where anatase 

has a smaller average grain size than rutile, 

allowing more active sites on the photocatalyst 

surface to degrade MB dye. Notably, there is 

minimal difference between the degradation of 

MB dye by bare anatase TiO2 (7.97%) and bare 

Figure 14. (a) MB removal efficiencies by various synthesized TiO2-based nanopowders and (b) the 

respective comparison. aT denotes anatase TiO2 (black line), aNT denotes anatase Nb-TiO2 (red line), aBT 

denotes anatase B-TiO2 (green line), aNBT denotes anatase Nb,B-TiO2 (blue line), rT denotes rutile TiO2 

(purple line), rNT denotes rutile Nb-TiO2 (dark yellow line), rBT denotes rutile B-TiO2 (dark cyan line), 

rNBT denotes rutile Nb,B-TiO2 (orange line). 

Figure 15. UV-Vis absorbance spectra of MB dye solution degraded by Nb,B-TiO2 nanopowders with 

varying concentrations of (a) 0.25 mol%, (b) 0.50 mol%, (c) 0.75 mol%, and (d) 1.00 mol%, respectively. 
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Samples 
Removal efficiency of 

MB (%) 

Rate constant, k 

(x10-3 min-1) 

Band gap energy, 

Eg (eV) 

Band gap 

reduction (%) 

Anatase TiO2 7.97 0.714 3.40 - 

025NBT 35.04 3.63 2.96 12.94 

050NBT 50.71 5.50 2.74 19.41 

075NBT 32.25 3.11 3.00 11.76 

100NBT 24.41 2.54 3.05 10.29 

rutile TiO2 (7.53%). This suggests that both 

phases are primarily active under UV light [35-

37]. Therefore, the difference in MB dye removal 

efficiency is minimal, even though anatase has a 

smaller crystallite size than rutile. 

On the other hand, doping process has proven 

to enhance the photocatalytic performance of bare 

TiO2, as shown in Figure 13 and Figure 14. The 

anatase phase of Nb-TiO2, B-TiO2 and Nb,B-TiO2 

shows removal efficiencies of 17.23%, 39.53% and 

50.71%, respectively. Conversely, the rutile phase 

of Nb-TiO2, B-TiO2 and Nb,B-TiO2 shows removal 

efficiencies of 15.53%, 24.37%, and 20.25%, 

respectively. The MB removal efficiencies of these 

doped TiO2 nanopowders are higher than those of 

both bare anatase and bare rutile TiO2. These 

findings support previous characterization 

results, where the presence of dopants causes 

lattice distortion and defects within the TiO2 

lattice, affecting grain growth and leading to a 

reduction in crystallite size, which allows more 

active sites on the photocatalyst surface to 

degrade MB dye. Additionally, it is notable that 

among the samples, anatase Nb,B-TiO2 exhibits 

the highest photocatalytic performance towards 

MB dye, with a removal efficiency of 49.29%. This 

indicates that the combination effect of niobium 

and boron co-doping with anatase TiO2 is optimal 

and applicable in wastewater remediation. 

 

3.4 Photocatalytic Performance of Methylene 

Blue Using Synthesized Nb,B-TiO2-based 

Photocatalyst 

The photocatalytic performance of anatase 

Nb,B-TiO2 was further investigated by varying 

the dopant concentrations to 0.25, 0.50, 0.75, and 

1.00 mol%. Figure 15 presents the UV-Vis 

absorbance spectra of MB dye solution degraded 

by the Nb,B-TiO2-based nanopowders with 

varying dopant concentrations, and Figure 16 

shows the comparison of MB removal efficiencies 

for each nanopowders. Table 2 tabulates a 

comparison of the MB removal efficiencies of the 

synthesized TiO2 and Nb,B-TiO2-based 

nanopowders. The observed MB removal 

efficiencies were 35.04%, 50.71%, 32.25%, and 

24.41%, for 0.25, 0.50, 0.75, and 1.00 mol% of 

Nb,B-TiO2, respectively. Notably, 0.50 mol% 

Nb,B-TiO2 exhibited the highest MB removal 

efficiency among the samples. 

These results suggest that incorporating 

niobium and boron into TiO2 created Nb5+ and B3- 

defects, which served as more active sites on the 

photocatalyst surface, thus enhancing the 

photocatalytic performance. Additionally, it is 

notable that a low concentration of doping 

improved the photocatalytic performance, while 

increasing the dopant concentration causes 

particle agglomeration [2,48]. In this research, 

0.50 mol% of niobium and boron doping into the 

TiO2 lattice demonstrated the best photocatalytic 

degradation towards MB under 120 min of visible 

light irradiation. 

The rate of MB removal by the Nb,B-TiO2-

based nanopowders is further supported by the 

photodegradation kinetics of MB using the 

Langmuir-Hinshelwood formula, as shown in 

Equation (4). 

 

Figure 16. Comparison of MB removal efficiencies 

by Nb,B-TiO2 nanopowders with varying dopant 

concentrations (0.25, 0.50, 0.75 and 1.00 mol%). 

025NBT denotes 0.25 mol% Nb,B-TiO2 (black 

line), 050NBT denotes 0.50 mol% Nb,B-TiO2 (red 

line), 075NBT denotes 0.75 mol% Nb,B-TiO2 

(green line), and 100NBT denotes 1.00 mol% 

Nb,B-TiO2 (blue line). 

Table 2. Rate constant and band gap energy of the synthesized TiO2 and Nb,B-TiO2-based nanopowders. 
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where, C0 is the initial concentration of MB dye 

solution, Ct is the concentration of dye at time t, 

and k is the limiting rate constant of the reaction. 

A graph is plotted between the log of reactant 

concentration versus time as shown in Figure 17. 

Linear lines were obtained, indicating that the 

reaction follows pseudo-first order kinetics. The 

slope of the lines shows the pseudo-first-order rate 

constant. Table 2 summarizes the pseudo-first-

order rate constant for each Nb,B-TiO2-based 

nanopowders. Notably, 0.50 mol% Nb,B-TiO2 

degrades MB at the fastest rate of 0.0055 min−1, 

supporting the previous MB removal efficiency 

results among the samples. 

 

3.5 Optical Studies of Synthesized Nb,B-TiO2-

based Photocatalyst 

The photocatalytic performance of anatase 

Nb,B-TiO2 was further investigated by varying 

the dopant concentrations to 0.25, 0.50 ,0.75 and 

1.00 mol%. The UV-Visible absorbance spectra for 

anatase TiO2 and Nb,B-TiO2-based nanopowders 

are presented in Figure 18. These absorbance data 

were then converted into band gap energy via the 

Tauc plot, as described by Equation (5): 

 

( ) ( )
2

g
hv A hv E = −  (5) 

 

where,  is the absorption coefficient, h is the 

Planck’s constant, v is the photon’s frequency, A is 

a proportionality constant, and Eg is the band gap 

energy. Figure 19 presents the comparison of band 

gap energies between TiO2 and Nb,B-TiO2-based 

nanopowders via the Tauc plot while the band gap 

energies of the samples are summarized in Table 

2. 

The results showed that the light absorption 

of bare anatase TiO2 was within the UV light 

range, which is below 400 nm, as shown in Figre 

18. Due to its light absorption falls within the UV 

light range, the bare anatase TiO2 possessed a 

wide band gap energy of 3.4 eV, as shown in the 

Tauc plot Figure 19. These results are consistent 

with other reported studies [35-37]. However, 

introducing co-dopants (niobium and boron) into 

Figure 17. Plot of ln (C0/Ct) versus time of anatase 

TiO2 and Nb,B-TiO2-based nanopowders. TiO2 

denotes anatase TiO2 (black line), 025NBT 

denotes 0.25 mol% Nb,B-TiO2 (red line), 050NBT 

denotes 0.50 mol% Nb,B-TiO2 (green line), 

075NBT denotes 0.75 mol% Nb,B-TiO2 (blue line), 

and 100NBT denotes 1.00 mol% Nb,B-TiO2 

(purple line). 

Figure 18. UV-Visible absorbance spectra of 

anatase TiO2 and Nb,B-TiO2-based nanopowders. 

TiO2 denotes anatase TiO2 (black line), 025NBT 

denotes 0.25 mol% Nb,B-TiO2 (red line), 050NBT 

denotes 0.50 mol% Nb,B-TiO2 (green line), 

075NBT denotes 0.75 mol% Nb,B-TiO2 (blue line), 

and 100NBT denotes 1.00 mol% Nb,B-TiO2 

(purple line) 

Figure 19. Comparison of band gap energies 

between bare TiO2 and Nb,B-TiO2-based 

nanopowders. 
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TiO2 shifted its light absorption from the UV light 

range into the visible light range (420 nm and 

above) as shown in Figure 18. The shift in light 

absorption results in a reduction of the wide band 

gap of TiO2, as shown in Figure 19.  The band gap 

was successfully reduced by up to 12.94%, 19.41%, 

11.76% and 10.29%, for 0.25, 0.50, 0.75 and 1.00 

mol% of Nb,B-TiO2, respectively. This reduction 

was attributed to the synergistic effect of the non-

metals, where boron doping lowers the band gap 

energy of TiO2, allowing increased absorption of 

light at extended wavelengths [41-43]. 

Additionally, niobium acted as an electron trap, 

effectively preventing the recombination of 

electron-hole pairs [38,39]. This enhanced charge 

separation further contributed to a higher 

photocatalytic performance of Nb,B-TiO2. 

Additionally, it is notable that 0.50 mol% of 

Nb,B-TiO2 shows the highest reduction of band 

gap (19.41%) among the samples, consistent with 

the previous findings of MB removal efficiency. 

Beyond this dopant concentartion, the band gap 

energy increases but remains lower than that of 

bare TiO2. These findings align with the previous 

MB removal efficiency results shown in Figure 16. 

The increase in band gap energy beyond a specific 

dopant concentration limit was attributed to the 

increasing amount of niobium and boron into 

TiO2, leading to the particle agglomeration when 

the dopant concentration beyond a specific limit 

[2,48]. Therefore, a concentration of 0.50 mol% 

niobium and boron doping into the TiO2 lattice 

demonstrated the best photocatalytic degradation 

of MB under visible light irradiation. 

 

4. Conclusion 

This research successfully synthesized 

various polymorphs of TiO2 nanopowders (anatase 

and rutile), doped with Nb, B, and Nb,B using the 

sol-gel technique with varying dopant 

concentrations. Among the samples, the anatase 

crystal phase of TiO2 co-doped with 0.50 mol% of 

niobium and boron demonstrated the highest 

removal efficiency (50.71%) of MB under 120 min 

of visible light irradiation. Additionally, the band 

gap energy of 0.50 mol% Nb,B-TiO2 nanopowders 

(2.74 eV) was reduced by 16.41% compared to bare 

TiO2 (3.4 eV), significantly enhanced the 

photocatalytic performance for MB degradation 

under visible light irradiation. These findings 

highlight the potential application of the anatase 

phase of Nb,B-TiO2, especially at a 0.50 mol% 

dopant concentration, as a promising visible-light-

driven photocatalyst for the removal of organic 

pollutants and wastewater remediation under 

visible light in the future.  
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